Abstract-Energy efficiency (EE) in multi-hop cooperative communication systems, both wireless and wired, is increasingly becoming more and more critical. This has recently been ex tended to include power line communications (PLC). In this respect, we propose in this paper to enhance the EE of a dual-hop amplify-and-forward (A F) cooperative relaying PLC system by considering energy-harvesting (EH) at the relay node. The energy harvester exploits the high noisy PLC channel feature as well as the transmitted signal power to forward the source information.
In light of this, we derive an analytical expression for the EE and verify it with Monte Carlo simulations. The performance of the conventional relaying system, i.e. without any EH, is also considered to clearly quantify the achievable gains. The results show that the proposed system can considerably improve the EE of PLC systems and that increasing the channel variance will always make the proposed system more energy-efficient.
Index Terms-AF relaying, cooperative communications, en ergy efficiency (EE), energy-harvesting (EH), power line com munications (PLC).
I. INTRODUCTION

P
OWER line communication (PLC) technology has en abled many smart grid applications as well as had the potential to offer high-speed home-networking capabilities. However, the fact that this massive infrastructure was not designed to carry communication signals at high frequencies makes it a hostile communication medium suffering from several impairments such as high levels of non-Gaussian interference, impedance mismatching, multipath fading as well as high frequency-dependent attenuation [1] - [4] . What makes this even worse is the low transmit power restrictions that should comply with the regulations determined by independent and governmental regulatory agencies [5] . As a result, the signal-to-noise ratio (SNR) at the receiving PLC modems can be very low which may significantly degrade communication performance of such systems.
To overcome this problem, different techniques have been reported in the literature, amongst which is cooperative re laying techniques. Although many relaying protocols have been studied in the context of PLC such as amplify-and forward (AF) and decode-and-forward (DF), the former has received more attention mainly due to its simplicity since it simply amplifies the received signals from the source, and forwards them to the destination [6] - [8] . More specifically, the authors in [8] have evaluated the performance of a dual hop AF PLC system and concluded that considerable capacity improvements can be attained in comparison to the direct-link scenario. In addition, [7] studied opportunistic DF in in-home PLC networks where similar conclusions are drawn.
Very recently, however, power consumption in PLC systems, which was found to increase almost linearly with bit-rate [9] , has attracted a large amount of research attention [10] , [11] . For instance, in [12] and [l3], the authors have investigated power consumption in opportunistic DF-based PLC networks and presented that several dBs of transmitted power can be saved in comparison to the direct-transmission scheme. Also, and unlike the previous studies that studied minimizing only the PLC modem transmit power (dynamic power) while ignor ing the static power (the power consumed by PLC modems when no data is being transmitted), the authors in [14] took into consideration both the static power and dynamic power when evaluating the energy efficiency (EE) 1 performance of a half-duplex DF PLC relaying system. In contrast to the studies above, in this paper we propose to enhance the EE of in-door PLC systems not by optimizing system parameters to reduce transmit power but by exploiting (scavenging) 2 the high unwanted energy of the various noise components present over PLC channels as well as the source signal power. Such available energy can be intelligently har vested by relay nodes and then used to forward information. This will, consequently, make the PLC relaying nodes less dependent on external power supplies and hence more energy efficient PLC systems will be obtained. Generally, there are three main energy harvesting (EH) protocols, namely, time switching relaying, power splitting relaying and ideal relaying. Since the latter protocol can process the information signal while harvesting energy concurrently, it will therefore be adopted in this study. The performance of the proposed system is evaluated in terms of the EE for which an accurate ana lytical expression is derived and validated with Monte Carlo simulations. It should be mentioned that the PLC channel in our analysis is considered to have log-normal distribution as reported in [2] and to characterize the background and impulsive noise, we adopt the well-known Bernoulli-Gaussian noise model [15] . Results have shown that the proposed EH based relaying PLC system is able to always outperform the conventional relaying approach. In addition, it will be shown that the system will become more energy-efficient as the I EE is defined as the quantity of information transmitted from a transmitter to a receiver per unit energy use.
2 This is also commonly referred to as energy harvesting (EH). channel variance is increased. The rest of this paper is organized as follows. Section II presents the s y stem model including the channel model used, noise model, as well as the rela y ing and EH protocols. In Section III, we anal y ze the EE of the proposed system. Numerical examples and simulation results to evaluate the s y stem performance are presented and discussed in Section IV. Finall y , Section V concludes the paper. Fig. 1 illustrates the s y stem model under consideration. This s y stem consists of a source node, rela y ing node and a destination node. The rela y is equipped with an energ y harvester to harvest the high noise energ y over the PLC channel and use it to forward the source information. Below we discuss the channel and noise models deplo y ed in this paper.
II. SYSTEM MODEL
A. Channels Model
The source-to-rela y and rela y -to-destination channel gains are denoted as h I and h2, and the corresponding distances are d 1 and d 2, respectivel y . The two links experience quasi static block fading; that is channels remain constant over the block time, T, and var y independentl y and identicall y from one block to another according to log-normal distribution with the following probability densit y function (PDF) 2 This MGF has no closed-form expression available in the literature. However, it can be expressed, for real s, b y a series expansion based on Gauss-Hermite integration as follows [l7]
where N denotes the Hermite integration order, {W n };;=1 and {X n } ;;=1 are the weights and abscissas, respectively. It should be mentioned that in this paper we will use N = 25, as this was found sufficient to accuratel y approximate the MGF, and the corresponding weights and abscissas are tabulated in [18, 
B. Noise Model
The noise at all nodes consists of both background and impulsive noise components which are modeled using the Bernoulli-Gaussian noise model [15] . In this model, the back ground component, nw, is considered complex Gaussian with zero mean and variance �!, whereas the impulsive part, ni, is modeled as a Bernoulli-Gaussian random process. Hence, n = nw +ni (5) while n is the total noise component, ni = b 9 where 9 is complex white Gaussian noise with mean zero and b is the Bernoulli process with probability mass function
� and p is the probability occurrence of impulsive noise. There 
which can also be expanded to
where eN is the Gaussian PDF. The variances �! and �;
basicall y define the input signal-to-background noise ratio (SBNR) and the signal-to-impulsive noise ratio (SINR), re spectivel y , as follows SBNR = 1010g10 ( 1/�! ) and SINR = 1010g1 o (l /�n
C. Relaying and EH Protocol
In our s y stem model, it is assumed that the direct source to-destination link is strongly attenuated and hence all com munications are accomplished over two phases via the relay. As mentioned in the introduction, although there are man y EH p rotocols p resented in the o p en literature, in this stud y , for simplicit y , we will consider the ideal rela y ing receiver. This rela y ing protocol is capable of, concurrentl y , processing information and harvesting energy as can be deducted from the time frame structure shown in Fig. 2 . To elaborate, in the first half of the time block, T / 2 , the relay both processes the source information and harvests energ y which is then used along with the rela y 's external power suppl y , Pre, to amplif y and forward the source signal to the destination node in the second T / 2 period. More details will be provided in the next section3.
D. Ergodic Spectral Efficiency
To simplif y our anal y sis of ergodic spectral efficiency, �, over the impulsive noise PLC channel, we consider the upper bound at the destination with the assumption that p erfect knowledge of p is available at the destination. In this case, � can be expressed as [19] and Pre is the relay power from the external power suppl y and Prh is the harvested energy which is calculated as (14) Now, grouping the information and noise terms in (13), we can obtain the SNR at the destination as
To simplif y our anal y sis here, we consider at this stage only the case when Prh = 0, i.e. Pr = Pre. With this in mind, we can rewrite (15) as (16) (9) where where Pt = Ps + Pr is the total power consumption, Ps and
Pr are the source and rela y transmit powers.
III. ENERGY EFFICIENCY ANALYSIS
In this section we derive an anal y tical expression for the EE. To begin with, the received signal at the rela y in the first phase can be expressed as [20] where 8 is the information signal normalized as IE [ 1 8
and nr is the noise at rela y node with variance er; . Similarl y , the harvested energy at the relay can be written as 3 This paper neglects the power consumed by the circuitry to process data at the relay and therefore all the available relay power will be used to forward the source signal.
� = cI )(, and
where)( = h i and Y = h2 2 . Given these definitions, the SNR I'd in (16) can be re-expressed in a simpler form as follows
Hence, using (8) and (18), � can be expressed as Using this definition, and since X and Y are independent, the destination spectral efficiency in (19) can be obtained as
where iJ! x (s), iJ!Y+a3 (s) and iJ!(Y+C3),6 are the MGFs of the random variables X, Y + a3 and (Y + a3 ) /3, given, respec tively, by [22] and Since X and Y are log-normally distributed with parameters 
IV. NUMERICAL RESULTS
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This section presents some numerical and simulated ex amples of the proposed system above with different channel and noise scenarios. To validate the expression derived above, Monte Carlo simulations are provided. The system parameters considered here are as follows:
01 and SBNR at all nodes is 10 dB. In addition, the cable attenuation parameters used in these investigations are ao = 9.4 x 10-3 , al = 4.2 x 10-7 and k = 0.7. It is worthwhile mentioning that these values represent an indoor PLC scenario as discussed in [1] . Fig. 3 depicts the EE of the proposed and the conventional relaying systems. The first observation one can clearly see is that the proposed system always has better EE performance in comparison to the conventional relaying-based system. It is also apparent that as SINR increases the performance of both systems under consideration deteriorates and the improvement gap becomes smaller.
Furthermore, to illustrate the impact of relay gain and chan nel coefficients on the performance of the proposed system, we plot in Fig. 4 the EE versus the relay gain for various channel gains from which one can see that increasing the relay gain will result in better performance for all the channel variances considered. It is also noticeable that when the relay gain is relatively high, the EE levels off irrespective of the channel gain value. The other remark on these results is that as both the source-to-relay and relay-to-source channel variances are increased, the system EE enhances.
V. CONCLUSION
In this paper we analyzed the EE performance of a dual hop cooperative relaying PLC system. To improve the EE of such systems, we proposed AF relaying with EH. For the sake of simplicity, we assumed ideal EH at the relay. An accurate analytical expression for the EE was derived and validated with Monte Carlo simulations. Results have shown that considerable improvements can be attained with the proposed system and this enhancement becomes more significant in moderate impulsive noise environments.
